Abstract: Aiming at the phenomenon of poor precision locking motor control executed by the photoelectric encoder of low resolution, a method of gyro locking control based on filtering estimation is proposed. The influence of control precision on self-calibration and coarse alignment of the rotational inertial navigation system (RINS) is analyzed. The model of the control system is established and simulated. Then the control mode is applied on RINS. The results of simulation and experiments show that the precision of locking control method designed in this paper outperforms the previous scheme and the self-calibration effect of RINS has significantly improved.
Introduction
In the rotational inertial navigation system (RINS), the inertial measurement unit (IMU) is mounted on multi-axis gimbals and forced to rotate along axes regularly to compensate the gyroscope drifts and accelerometer bias errors, which is called rotation modulation [1, 2, 3] . So the performance of the navigation system is improved in the long term without using higher accuracy gyros [4, 5, 6] .
The rotation mechanism of RINS is not only used for rotation modulation, but also can be applied on self-calibration of inertial sensors. Since the error parameters such as scale factor errors and gyro drifts will change slowly over time, it is necessary to calibrate the inertial sensors regularly. Other types of inertial navigation system should be demounted from the carrier and calibrated with the help of a high precision turntable. As for the RINS, these errors can be calibrated by its own rotation mechanism, which facilitates the appliance of inertial navigation system [7, 8, 9] . Therefore, the high precision control technology of rotation mechanism for RINS is of great importance [10] .
Locking control is a main mode of rotation mechanism in self-calibration. The information of angle measuring components installed on the rotation gimbals is read by computer and combined with computer's rotation instructions to calculate corresponding control errors which are used to control motion of motors [11] . The precision of this locking control mode is restricted immensely by the performance of the angle measuring components accordingly.
As self-calibration of RINS is carried out several steps in a few dozens of minutes, the high precision locking control in the short term (around 10 min) is required [12] . Currently, the photoelectric encoder is one of the angle measuring components that are widely applied. The high reliability, excellent environmental flexibility and strong ability to resist vibration are its superiority [13] . But its weakness of poor resolution will cause large control errors in locking control. Fig. 1 shows the error of locking control using the encoder with resolution of 2:5 00 .
The motor vibrates at a high frequency near the locking position and the control error has reached 12:5 00 at maximum. It cannot meet the demand of high precision self-calibration. So a new locking control method is required to reduce the control error and suppress of vibration. At present, the laser gyro and fiber optic gyro (FOG) are generally adopted in high precision RINS. Due to their high accuracy and resolution [14] , using the gyro to execute locking control can achieve high precision. However, because of the gyro drifts, the control error will accumulate over time. As a contrast, the locking control using encoder will not make the error diverging. In this paper, the locking control method based on data fusion of gyro and encoder is designed to acquire high precision and restrain the divergence of control error.
The article is organized as follows: Section 2 analyzes the impact of locking control error on RINS in detail. Section 3 describes the model of control system. Section 4 and 5 present the results of simulation and experiments, followed by the conclusion in Section 6.
Impact of locking control error on RINS
When the encoder is used to lock motor, inevitably, IMU will vibrate at a high frequency near the locking position, resulting in an input of angular velocity along the direction of rotation axis. This angular velocity can be measured by the gyro and regarded as equivalent gyro drift. In the following, the influence of this equivalent gyro drift on RINS will be analyzed.
Taking the self-calibration of gyro drift as an example. Generally, when calibrating, the motor will be locked at zero position of the body frame (B-frame) for 2 min. The mean of gyro output will be calculated and then the earth rotation angular velocity will be deducted to obtain the gyro drift. For the system with gyro accuracy of 0.02°/h, the equivalent gyro drift caused by outside interference should be less than 0.01°/h to achieve satisfying calibration result. In order to determine the equivalent angular velocity caused by the vibration of locking control, the angular output of encoder is measured. A certain time interval Δt of angular data is selected and summed to get the corresponding equivalent angle Á of this time. Then the equivalent angular velocity can be acquired Á! ¼ Á=Át. Table I shows the multi-measurement average. The equivalent angular velocity in 2 min is 0.039°/h and at least 6 min is needed to meet the requirement of calibration. As a result, if the consuming time of self-calibration is satisfied, the precision is decreased, and if the precision is satisfied, the consuming time is increased. Table II lists the results of self-calibration of gyro drift in three experiments. The root mean square (RMS) reaches to 0.0394°/h, which shows that the repeatability of calibration is out of satisfactory.
The alignment of RINS is another stage which will be impacted on by locking control error. Rotational analytic coarse alignment is adopted in most RINS [15] . The vertical motor rotates bi-directionally one time at the angular velocity of 6°/s while the horizontal motors lock at zero position of the B-frame. The consuming time is 2 min. From Table I , the equivalent gyro drift along the shaft of horizontal motor is 0.039°/h. Supposing the shaft of horizontal motor points to the east, the azimuth error ' Z caused by equivalent gyro drift will reach ' Z ¼ " E = ð! ie cos LÞ ¼ 11 0 , where ! ie is the earth rotation angular velocity and the latitude
From the above, the locking control error makes the consuming time or the error of self-calibration and coarse alignment increased. So a better locking control method is necessary to be developed.
Model of control system
For locking control, axes are decoupled from each other. In this paper, locking control of one axis is taken as an example. Fig. 2 shows the locking control block diagram. In this figure, ! b is the angular velocity of carrier and ! P is the angular velocity of IMU. M T is friction disturbance torque and M C is control torque of motor. U C is the calculated control voltage. ' P is angle error of control. F is the control angle after data fusion. ε is estimated gyro drift and t is the duration of locking control. G and E are the measured value of gyro and encoder, respectively. The major function of this control loop is to lock the motor at the set position. When the motor rotates, it drives the IMU to rotate through the friction torque M T of the rotation axis. The FOGs mounted on the IMU will measure the angular velocity ! P . The rotation angle of motor ' P can be measured by the encoder (a quantization error exists in the measured value because of the poor resolution of encoder). Due to the existence of gyro drift in ! P , the error of locking control will accumulate over time if the data of gyro is used merely. So a module of data fusion is designed. In the module, a recursive least squares (RLS) filter is built to compensate the control error. The filter uses the data of gyro and encoder to estimate the gyro drift. So the control method is called gyro locking control based on filtering estimation in the paper. Then the control angle F outputted by the module of data fusion is applied to calculate control voltage U C , which drives the motor to generate the control torque of motor M C to offset the friction torque M T . Thus the locking of motor is realized.
Each module and its parameters selection are given in the following.
Motor model
The engineering simplified model of the motor is adopted, namely C m =R in Fig. 2 , where C m ¼ 0:159 N·m/A is the torque sensitivity and R a ¼ 4:16 Ω is the motor resistance, according to the manual of motor.
Friction torque model
In the actual system, friction torque can be divided as static friction torque and dynamic friction torque. In addition, the dynamic friction torque varies when the motor turns to different positions. So the model of friction torque is set up according to the following rules. First, the friction torque decreases from the maximum static friction torque after the motor begins to rotate. Second, noise is superimposed on the friction torque model, which is used to indicate the differences of friction torque in different positions of motor.
The maximum static friction torque of the motor can be obtained through the experiment as follows: Increase the control voltage of motor gradually from 0 V until the motor begins to rotate and then write down the current voltage U 0 ¼ 0:7 V. The maximum static friction torque M 0 can be acquired by Eq. (1):
The specific model can be built as follows:
where σ is white noise signal with standard deviation of 0:0278 Â 10 À6 N·m.
IMU model
The IMU model is 1/Js showed in Fig. 2 , where J is the moment of inertia. IMU is made up of several devices such as gyroscopes and accelerometers. Meanwhile, the mounting positions of each device are irregular. So J is difficult to be acquired accurately by theoretical calculation. In this paper, it was obtained by the following experimental test. First of all, the system that consists of IMU and motor shaft is approximated to a first order process with time delay, which is as follows:
The analytical solution of Eq. (3) for the unit step function response is showed as Eq. (4):
where K m is amplification factor, T m is electrical and mechanical time constant and L is the startup time. Then a step voltage U ¼ 1:5 V, which is slightly larger than U 0 ¼ 0:7 V, is applied to drive the motor to rotate continuous. Write down the angular velocity of IMU in the whole process. The result is showed in Fig. 3: After curve fitting according to Eq. (4), the parameters can be acquired as follows: K m ¼ À5:1, T m ¼ 5:2 and L ¼ 0:0065. Finally, the viscous friction coefficient of motor B and the moment of inertia J can be calculated by Eq. (5) and Eq. (6):
where counter electromotive force C e ¼ 0:158 V/(rad/s), according to the manual of motor.
PID controller model
The ordinary PID controller is adopted in the system, which is GðsÞ
The FOG used in the research adopts angular velocity as the output. When angular motion exists in the carrier, the steady-state angle error will be generated if the PID controller is employed directly [16] . So an integrator is added before PID controller to convert the angular velocity measured by the FOG to angle. The steady-state angle error is eliminated after the angle is used as the input of PID controller. The specific parameter setting method is introduced in much literature, so we won't cover this again. The parameters of the controller are showed as following:
Gyro error model
Gyro error model is used to simulate real gyro drift. The gyro drift can be mainly divided into constant drift and random drift. The constant drift of 0.02°/h is added Fig. 3 . Fitting curve of motor angular velocity during the process of simulation. And the random drift is obtained through the test of real FOG installed in the system. The FOG is placed static for a period of time. After deducting the mean value, its output is regarded as the random drift. The simulation curve of gyro drift is showed as Fig. 4 .
Encoder model
In order to simulate the real encoder, the actual rotation angle of the motor P is processed according to the resolution r as the measured value of encoder E :
where [x] represents the maximum integer that is not more than x.
Model of data fusion
The detailed model of data fusion is showed in Fig. 2 . The RLS is employed to estimate the gyro drift. The difference of G and E is selected to be the measurement Á ¼ G À E . The measurement equation can be built as Eq. (8):
After initial values are chosen, the gyro drift can be estimated according to the following two recursive formulae. Then the gyro data can be compensated in real time.
Simulation research
The locking control of stationary base is mainly studied in the paper. So the angular velocity of carrier ! b is set to zero. In the simulation, the encoder resolution is set to 2:5 00 .
In Fig. 5 , the result of estimated gyro drift is showed. Since the large initial values of matrix P 0 is selected, the estimated gyro drift of first 5 s is oscillating violently. So the compensation using the result of filter begins at 5 s. Fig. 6 shows the result of simulation. The compensation of filtering estimation achieves the desired effect. The maximum control error is 3 00 within 10 min and the divergence of error is restrained.
Experimental verification
The encoder with resolution of 2:5 00 is applied as the angle measuring component in the RINS. The FOG installed in the system is of 0.05°/h drift and 0:2 00 resolution.
The whole experiment is divided into two parts. The first part is designed to verify the feasibility of gyro locking control based on filtering estimation. The second is implemented to compare the designed locking control with the locking control using encoder through the calibration of gyro drift.
In the first part of experiment, the RINS is placed on a stationary platform (Fig. 7) . After the system has started into a stable state, gyro locking control is executed to lock the motor at zero position of the B-frame. Since the measurement data of gyro contains error and there are no other angle measuring components that are more accurate in the system, the control error cannot be measured accurately. Although the resolution is poor, the measurement data of encoder reflects the locking control error roughly. So the data of encoder is chosen to evaluate the control precision.
The result of experiment is showed in Fig. 8 . The measurement data of encoder varies from 0 to À2:5 00 and then vibrates between 0 and À2:5 00 at a high frequency in 10 min. It can be inferred that the control error converges to À2:5 00 eventually, which is consistent with the result of simulation. Compared to the result of locking control using encoder (the comparison is showed in Fig. 9 ), the control error has been reduced and the vibration has been suppressed. So it is proved that the control method is feasible.
In the second part of experiment, calibration of gyro drift is executed by the proposed locking control and the locking control using encoder respectively. The calibration is carried out for three times by each method and the time of each calibration is 2 min. Table III shows the result that has deducted the mean value. According to the table, the repeatability of calibration result is largely improved. The RMS of measurements is reduced by more than 40 times when the gyro locking control based on filtering estimation is applied. It is proved that the proposed locking control method is valid to improve the effect of calibration. In this paper, a different locking control method is proposed to solve the problem of poor precision locking control executed by the encoder. The data of gyro is adopted to lock the motor accurately. Meanwhile, the data of encoder is used to estimate gyro drift in the real-time to restrain the divergence of the control error. The results of simulation and experiments show that the proposed locking control strategy is not only extremely convenient and practicable ( just modify the software part instead of changing higher precision devices), but also achieves high precision and meets the expected requirements. 
